ABSTRACT Transient characteristics in the starting process play an important role in the design and operation of high-power-density and high-voltage induction motor. A field-circuit coupling model is proposed to analyze the transient fluid flow and temperature rise of a YJKK 500-4 2500 kW HPDHV induction motor in the starting process. The wind resistance network model is built to investigate the transient fluid flow and is used to obtain the heat dissipation boundary condition of the transient temperature calculation. The transient electric current is the key to the heat source of the temperature distribution and is calculated by the dynamic mathematical model. According to the obtained heat dissipation boundary condition and heat source, the 3-D fluid-solid coupling model is solved to obtain the transient temperature distribution. Moreover, the highest temperature rise in the starting process is greatly affected by the load. The simulation results show that the smaller fluid flow and the starting current make the winding temperature rise rapidly before the rotating speed of the motor reaches the rated value. When the load is much heavier, the starting time becomes longer and the winding temperature in the starting process will rise rapidly. The experimental results indicate that the proposed model is validated.
I. INTRODUCTION
The high-power-density and high-voltage (HPDHV) induction motor is helpful for the improvement of work efficiency, and power density, compared with the traditional high-voltage induction motor. However, as the increased power density and electromagnetic load, the heating problem may be more serious in the HPDHV induction motor. Usually, the temperature distribution in the steady-state operation is easy to be obtained and is used to monitor the heating state of the induction motor. In addition, the starting process of induction motor may also have a great impact on the heating state. During the starting process, the temperature rise of the stator and rotor windings may reach a higher value, accelerating the thermal aging of the motor insulation. So it is necessary to study the transient characteristics in the starting process, but it is a great challenge faced by electrical machine designer.
In recent years, many researchers have extensively focused on the fluid field and/or temperature field of electrical
The associate editor coordinating the review of this manuscript and approving it for publication was Shuaihu Li. motors under the steady-state and/or transient conditions. Boglietti proposed four thermal models based on the lumpedparameter thermal networks and evaluated the stator-winding temperature rise of an induction motor in short-time thermal transient condition [1] . Wallscheid and Böcker [2] analyzed the thermal behavior of a permanent magnet synchronous motor within a specific driving cycle based on a low-order lumped parameter thermal network. Bornschlegell et al. [3] calculated the temperature field of a high-power salient-pole electrical machine according to the coupling of a thermal network model and a flow calculation. Li et al. [4] proposed an electromagnetic-thermal optimization method to reduce the winding temperature rise of a permanent magnet brushless DC motor working in the short-time duty, but the coupling between thermal behavior and fluid motion is not taken into account. Han et al. [5] , [6] built a 3D model of a large turbo generator and calculated the end part temperature. They also discussed the fluid flow and temperature when the turbo generator ran from the start to the steady-state operation [5] , [6] . The temperature field of electrical machine has gained more and more attention [7] - [10] . However, the physical fields of a HPDHV induction motor have been rarely reported, and the effects of the motor starting process on the fluid flow and the winding temperature rise of HPDHV induction motor need to be analyzed.
A HPDHV induction motor is studied in this paper. The accurate calculation of the heat generating and dissipating during the starting process of motor plays an important role in determining the transient temperature field. A 3D coupling model is proposed and is solved by considering the heat dissipation condition and the heat source. The temperature rise of induction motor in the starting process is analyzed when the induction motor runs with different loads. The proposed model is validated by experimental measurement.
II. ENTRANCE FLUID FLOW
The basic parameters of a YJKK500-4 HPDHV induction motor are shown in Table 1 . The rated power is 2500 kW. The induction motor has 14 ventilation ducts. The ventilation system structure consisting of axial and radial ventilation ducts is shown in Fig. 1 . In order to calculate accurately the heat dissipation of the motor, the distribution of air volume in the motor and the wind speed should be known. The air volume is obtained by the equivalent airflow consisting of the wind resistance and the wind pressure source [11] . As the motor has a symmetric axial structure, only the 2D wind resistance network along the motor axial direction is studied. Fig. 2 illustrates the equivalent wind resistance network model of the motor. Any ventilation place inside the induction motor can be considered as a wind resistance. Among all the wind resistances, the wind resistances of the stator radial ventilation ducts mainly consists of four local wind resistances, namely, the one at the inlet of ventilation duct, the one at the stator teeth, the one extending from the stator teeth to the stator yoke, and the one at the stator yoke. The flow direction of the airflow in the motor is shown in Fig. 3 . Inlet1 and Inlet2 are the fluid inlets located near the stator back and the rotor field spider, respectively. The fluid inside the rotor field spider flows into the radial ventilation ducts under the centrifugal force, and then flows out from the stator back outlet. The inlet flow rate is obtained by solving the wind-resistance network model of motor [12] , [13] . Under the rated speed, the axial fluid flow inside the rotor is calculated and is 0.922 m 3 /s. The calculation results of fluid flow inside the radial ventilation ducts under the rated speed are shown in Fig. 4 . We can see from flows into the ventilation duct with a larger number, the axial fluid velocity decreases, and the fluid flow inside the radial ventilation duct increases gradually. Although the temperature of cooling air increases when the cooling air moves from the inlet to the outlet, the fluid flow of cooling air inside the ventilation ducts from the inlet to the outlet increases, which is helpful for the temperature balance of the induction motor along the axial direction.
The fluid flow in the radial ventilation duct under different rotating speed can be obtained by solving the wind resistance network, and it is nearly linear with the rotating speed. When the induction motor runs in a lower rotating speed, the wind pressure generated by the fan and rotor is smaller, and the fluid flow inside the ventilation duct caused by the centrifugal effect is also lower. With the increasing rotating speed, the fluid flow in the radial ventilation ducts is increased due to the centrifugal effect to enhance the cooling capacity.
III. TRANSIENT HEAT SOURCE
In the starting process, copper loss is the main heat source of the winding. The copper loss is related to the variable starting current. The copper loss (P Cu ) of the stator winding can be described as in
where I st is starting current. I * st is the ratio of starting current to the rated current. I N is the rated current. P CuN is the stator copper loss under the rated condition. R is the stator resistance. Thus, the copper loss in the starting process is mainly determined by the starting current.
The starting characteristics, such as the starting current and the rotating speed, can be obtained by the dynamic mathematical model of the induction motor. The dynamic mathematical model is described as follows [13] , [14] . 
where T e is the electromagnetic torque. X m is the magnetic inductance. i M 1 , i T 1 , i M 2 , i T 2 are two-phase current of stator and rotor, respectively. H is the inertia constant. ω is angular speed of rotor. T m is the load torque. X ss , X rr are the self-inductances of stator and rotor, respectively. r 1 and r 2 are the resistances of the stator and rotor windings, respectively. The calculation method described in [15] is used to determine the starting current characteristics and the dynamic impedance of the induction motor in the starting process. In the calculation procedure, the influences of saturation effect and skin effect on the impedance of the induction motor are also taken into account. The curves of the calculated values in Fig. 5 and Fig. 6 show the starting current characteristics and the rotating speed characteristics of the induction motor, respectively.
The starting current is used to evaluate the transient heat source boundary whereas the rotating speed is used to obtain the entrance flow rate by solving the wind resistance network model of the studied motor.
According to the calculated values shown in Fig.5 and Fig.6 , respectively, the starting current ratio (I * st ) and the rotating speed (n) are then fitted by (5) and (6) . The fitted values of the starting current and rotating speed are also shown in Fig. 5 and Fig. 6 
where t is the starting time. Similarly, the calculation and fitting function of rotor starting current can be determined and are not repeated here. 
IV. FLUID-SOLID COUPLING MODEL AND SOLUTION
A. FLUID-SOLID COUPLING MODEL Fig. 7 shows the 3D fluid-solid coupling model of stator and rotor, and the coupling model mainly consists of one ventilation duct, stator and rotor cores. Due to the symmetrical structure of the induction motor, 1/12 part of the 3D fluid-solid coupling model as shown in Fig. 7 is mainly studied to reduce the calculation amount and to improve the calculation efficiency. Fig. 8 shows the 1/12 part of the 3D coupling model, where S 1 , S 2 and S 3 represent three different fluid inlets located at the stator back and rotor field spider, respectively.
B. BASIC ASSUMPTION AND COUPLING MODEL SOLUTION
As the symmetrical structure and heat transfer properties of the HPDHV induction motor, the following assumptions are made for the calculation of transient temperature field. 1. All of the heat sources are the isothermal heating element.
2. At the initial time, the motor temperature is the same as the environment temperature and distribute uniformly.
3. The radiation heat transferring from the motor surface into the surrounding environment is few and can be neglected, and the environment temperature is considered to be constant all the time.
4. The influences of the airflow buoyancy and gravity are also neglected.
5. As the fluid velocity is far less than the acoustic velocity and the Mach number is relatively small, the fluid inside the induction motor is regarded as an incompressible fluid.
6. RNG k-ε turbulence model is applied, because the fluid inside the axial ventilation system has a large Reynolds number, and the rotor and bracket can be rotating. This turbulence model is based on Reynolds averaging method, and is defined as in [16] , [17] 
where ρ is the density. k is the turbulent kinetic energy. ε is the dissipation rate of the turbulence. µ is the kinetic viscosity. µ t is the turbulent viscosity. µ i is the velocity in the i th direction. x i and x j are the i th and j th direction, respectively. k and ε are the addition items of the turbulence, respectively. The 3D heat conduction mode in the solution domain is then defined as in
where λ x , λ y , λ z , k n are the heat conductivity coefficients of the materials in x, y, z and n directions, respectively. T is the material temperature. c is the specific heat capacity. α is the heat transfer coefficient. T f is the environmental temperature. The losses of the induction motor running in the rated operation are experimentally measured and are shown in Table 2 . During the stating process, the heat values and rotating speed, which play a great effect on the temperature rise, are variable. According to (3) and (4), a user-defined function file is programmed to study the starting process characteristics. By calling the user-defined function, the rotor speed condition and the heat source are automatically set during the iterative calculation process.
According to these assumptions, the 3D fluid-solid coupling model as shown in Figure 8 is solved by the finite difference method [18] and the user-define functions combined with the determined heat dissipation boundary condition, the heat source and the measured losses. Fig. 9 presents the fluid velocity vectors at 2, 3 and 4 s, respectively, when the motor is running with the rated load. The fluid velocity vectors as shown in Fig. 9 at different starting moment are similar. The rotation of rotor makes the fluid velocity in the rotor duct be higher than that in the stator duct. When the starting time is 4 s, the maximum fluid velocity is 48.6 m/s. In addition, the fluid velocity near the border between the rotor duct and the air gap is the highest, because the conducting bar in the rotor duct is the equal of the blades and drives the surrounding airflow. So, the fluid velocity increases with the rotating speed.
V. CALCULATION AND RESULTS

A. FLUID VELOCITY VECTOR
In Fig. 9 , we also can observe that the fluid velocity does not distribute uniformly according to the center line of the stator slot. It is due to that the airflow driven by the rotating rotor flows into the stator duct with an angle. The used motor in this paper rotates in the counter-clockwise direction, so the fluid velocity near the left gear of the stator ventilation duct is much higher. In the starting process, the fluid velocity in the ventilation duct distributes non-uniformly along the radial direction of the stator winding. This is because the air pressure and the velocity of the airflow change greatly when the airflow flows from the narrow section into the expanding section.
B. TEMPERATURE RISE OF STATOR WINDING
The temperature distribution of motor at 3 and 4 s is shown in Fig. 10 . It is indicated that the stator winding is the main heat source and the heat quantity focuses on the stator winding. Comparing with the stator winding, the temperature of the iron core is lower because of the less loss and the larger heat capacity of the iron core.
Since the rotating speed is lower in the initial starting process, the heat dissipation effect of the stator winding is not ideal and the highest temperature rise appears in the stator winding. Fig. 11 illustrates the highest temperature rise of the stator windings against time during the starting process, where the reference temperature is 300 K. In Fig. 11 , we can find that the winding temperature rise gradually increases with the running time, but the rates of temperature rise at different running time are different in the whole starting process. At the initial stage within 10 s as shown in the inset of Fig. 11 , we can observe that the winding temperature rise increases much faster. During this initial stage, the starting current in the stator and rotor windings is about six to seven times the rated current, but the rotating speed is much slower and the cooling condition inside the induction motor is poorer, so the winding temperature rise grows very rapidly. Just after the initial stage, the winding current decreases and the rotating speed is close to the synchronous speed. Meanwhile, the air pressure inside the induction motor increases and the fluid flow of cooling air in the axial and radial ventilation ducts also rises, leading to the augment of the cooling-air velocity. Subsequently, the winding temperature rise increase slowly within the time range from 10 to 5000 s as shown in Fig. 11 . When the induction motor is running in the steady-state, the winding temperature rise keeps at a constant level. The steady-state temperature distribution inside the induction motor is shown in Fig. 12 . We can learn that the maximum temperature rise is 99 K when the induction motor is running in the steady-state condition.
FIGURE 13. Maximum temperature rise against time when the load has1.5 times the rated load torque. Fig. 13 shows the relationship between the stator-winding temperature rise and the running time when the induction motor is running with 1.5 times the rated load. At this operating condition, the induction motor has a much longer starting VOLUME 7, 2019 time than the one running with the rated load. The winding current keeps a higher value for a longer time. In the starting process, the rotating speed fails to reach the rated value, and the fluid flow of cooling air is slow. The higher winding current and the poorer cooling effect lead to the fact that there is a large amount of heat accumulation in the winding and the winding temperature also increases rapidly.
In Fig. 13 , we can see that the stator-winding temperature rise indeed increases rapidly in the starting process. The maximum stator-winding temperature rise is even close to 120 K as shown in the inset of Fig. 13 . The stator-winding heating reduces when the current reaches the steady state, but the stator-iron-core temperature is still very low, so the heat transfer between the winding and the core makes the winding temperature rise decrease. Compared with the stator winding, the stator iron core has a larger specific heat and weight. In other words, the stator iron core has much larger heat capacity. The iron-core temperature rise changes significantly only when the heat quantity inside the iron accumulates to a certain extent. Due to the heating accumulation inside the iron core, the iron-core temperature increases and the motor gradually runs into thermal equilibrium. Therefore, as illustrated in Fig. 13 , the stator-winding temperature rise reduces to a lowest value and then increases to the steady-state value, and the steady-state temperature rise of the windings is 107 K.
VI. EXPERIMENTAL VALIDATION
The accuracy of the calculation method for the starting characteristics (e.g., the starting current and the rotating speed) used in this paper can be verified by the analysis in [15] . The on-site test induction motor is shown in Fig. 14 . Table 3 shows the calculation and experimental results, respectively. The on-site measured locked-rotor current is 6.35 times the rated current, whereas the calculated one by the proposed method is 6.44 times the rated current, the relative error is 1.42% and it meets the operation requirement.
In order to validate the accuracy and rationality of the proposed calculation method for the transient temperature rise, we carry out the experimental measurement of the steady-state temperature rise when the induction motor is running in the rated condition, and then compare the measurement results with the steady-state calculation results obtained by the proposed method. The on-site test induction motor is shown in Fig. 14 . The PT100 double platinum thermal resistances are used as the temperature sensors. Several temperature sensors are applied at different positions on the stator windings, and the average temperature is used in this paper. Table III shows the measurement and calculation results of the temperature rise, respectively, when the induction motor is running in the rated steady-state condition. The relative error between the measurement value and the calculation value is 3.88% and is within the allowable range of the engineering practice. Furthermore, the result also proves that it is reliable for the proposed 3D fluid-solid coupling model and for the transient temperature calculation of the induction motor in the starting process. 
VII. CONCLUSION
The heating critical region of the HPDHV induction motor is applied as the prototype of the 3D fluid-solid coupling model for the fluid flow and temperature rise when the induction motor is running in the starting process. The main conclusions are drawn as below.
1. The fluid flow in the ventilation ducts is obtained based on the wind resistance network. The fluid flow in the radial ventilation ducts increases from the inlet to the outlet. The total steady-state fluid flow inside the rotor is 0.922 m 3 /s. The relationship between the fluid flow in the radial ventilation duct and the rotating speed is almost linear. The entrance fluid flow boundary conditions for the proposed model are also determined by the wind resistance network.
2. The starting current characteristics and the rotating speed characteristics of the induction motor are obtained according to the dynamic mathematical model. The heat source boundary condition for the 3D fluid-solid coupling model is derived by the curve fitting method.
3. The temperature rises of the induction motor which is running with different loads are obtained. The temperature rise may be very high when the induction motor is running with much heavier load, which lays a theoretical foundation for further studying the induction motor under various working systems.
4. The comparison between the experimental results and the calculation results prove that the proposed method is feasible and reliable. This work is of great importance for the design and operation of HPDHV induction motor. He holds more than ten patents. His research interests include design of special motor, numerical calculation of integrated physical field in motor, and research on local overheating and fluid field of super large transformer.
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